The min 4 shown that a 7.2-kilobase (kb) HindIII DNA fragment from the chromosome will correct a firA mutation. This same fragment will also complement somie dnaE mutant alleles in recA+ strains. Both lpxA and lpxB are also on this 7.2-kb HindIII fragment of DNA immediately upstream (counterclockwise) of dnaE (7, 25, 33) . Lathe and Lecocq (20) have shown that this 7.2-kb Hindlll DNA fragment, when cloned in either orientation in bacteriophage lambda, will direct synthesis of both a 27-kDa protein and a 17-kDa protein (firA) protein (18). The level of expression of both of these proteins is higher when inserted in one orientation as opposed to the other orientation, due to expression from a vector promoter (19, 20) . In addition, if the synthesis of the 17-kDa protein is reduced by spontaneous mutation of the X-firA hybrid, synthesis of the 27-kDa protein is also reduced in all cases examined. This indicates that the coding region of the two proteins are in close proximity. Crowell et al. (7) have shown using minicells that the lpxA product (UDPGlcNAc acyltransferase) is a 27-kDa protein, possibly the same as that coexpressed with firA.
Escherichia coli cells are surrounded by two distinct lipid bilayers, the inner membrane and the outer membrane. The two monolayers of the outer membrane differ in their lipid composition (30) . The inner monolayer consists primarily of glycerophospholipids (30) , as does the inner membrane, but the outer monolayer of the outer membrane is composed primarily of lipopolysaccharide (28) . The hydrophobic anchor for lipopolysaccharide is lipid A, a glucosamine disaccharide substituted with phosphate at positions 1 and 4' (30) and with f-hydroxymyristoyl moieties at the 2, 3, 2', and 3' positions (30) . Lipid A is responsible for the toxic and immunostimulatory properties of lipopolysaccharide (28, 30) . The lpxA gene codes for the enzyme responsible for the first committed step in lipid A biosynthesis, UDP-N-acetylglucosamine (Ut)P-GlcNAc) acyltransferase (30) . This enzyme catalyzes the transfer of a P-hydroxymyristoyl moiety from R-3-hydroxymyristoyl acyl carrier protein to the 3 position of the glucosamine ring of UDP-GlcNAc. The fifth step in the biosynthesis of lipid A is catalyzed by lipid A disaccharide synthase, encoded by lpxB (30) . These two genes, lpxA and lpxB, have previously been shown to be adjacent to each other in the min 4 region of the chromosome (7) .
The DNA sequence from lpxB through dnaE indicated that these genies may be part of a complex operon with many overlapping genes (7a, 38 The firA gene also maps at the min 4 region on the chromosome. Temperature-sensitive mutations infirA render RNA synthesis thermosensitive and eliminate high-level resistance to rifampin (13, 18) . Lathe and Lecocq (19) shown that a 7.2-kilobase (kb) HindIII DNA fragment from the chromosome will correct a firA mutation. This same fragment will also complement somie dnaE mutant alleles in recA+ strains. Both lpxA and lpxB are also on this 7.2-kb HindIII fragment of DNA immediately upstream (counterclockwise) of dnaE (7, 25, 33) . Lathe and Lecocq (20) have shown that this 7.2-kb Hindlll DNA fragment, when cloned in either orientation in bacteriophage lambda, will direct synthesis of both a 27-kDa protein and a 17-kDa protein (firA) protein (18) . The level of expression of both of these proteins is higher when inserted in one orientation as opposed to the other orientation, due to expression from a vector promoter (19, 20) . In addition, if the synthesis of the 17-kDa protein is reduced by spontaneous mutation of the X-firA hybrid, synthesis of the 27-kDa protein is also reduced in all cases examined. This indicates that the coding region of the two proteins are in close proximity. Crowell et al. (7) have shown using minicells that the lpxA product (UDPGlcNAc acyltransferase) is a 27-kDa protein, possibly the same as that coexpressed with firA.
We have now determined the complete nucleotide sequence of lpxA and an upstream open reading frame, and we have identified the initiation codon of lpxA as a GUG. Amino-terminal sequence analysis of an lpxA-,-galactosidase fusion protein confirmed this assignment. However, amino-terminal sequence analysis of purified FirA protein indicates that the open reading frame that encodes the 17-kDa protein (ORF17) does not code for FirA. Sequence analysis described here and elsewhere (7a, 38) indicates that there are at least seven overlapping genes. Presumably these genes are transcriptionally and/or translationally coupled.
MATERIALS AND METHODS
Strains and media. All strains used are listed in Table 1 . Cells were grown in LB or YT medium (24) containing 100 ,ug of ampicillin per ml, 150 ,ug of rifampin per ml, 40 ,ug of 5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside per ml, 30 ,ug of tetracycline per ml, or 50 ,ug of diaminopimelic acid per ml where appropriate. SEQUENCE OF UDP-G1cNAc ACYLTRANSFERASE Enzyme assays. UDP-GlcNAc acyltransferase activity was assayed as described previously (2) .
Computer programs. Computer programs used in analyzing nucleotide and amino acid sequences were provided by the University of Wisconsin Genetics Computer group (8, 12) .
Protein purification and amino-terminal sequencing. The UDP-GlcNAc acyltransferase-p-galactosidase protein hybrid was purified from a culture of SB4288 containing pSR1-,-gal induced for 3 h with 0.5% arabinose as described previously (7) with a monoclonal anti-p-galactosidase immunoaffinity column (a gift from Promega Biotech, Madison, Wis.), followed by purification on a preparative sodium dodecyl sulfate-polyacrylamide (7.5%) gel (17) . Amino-terminal sequence analysis of UDP-GIcNAc acyltransferase was accomplished by using automated Edman degradation at the University of Wisconsin Biotechnology Center with an Applied Biosystems 470A protein sequencer.
FirA was purified as described previously (18) and then separated on a preparative sodium dodecyl sulfate-polyacrylamide (17.5%) gel (1). The gel was briefly stained in 45% methanol-10% acetic acid-0.5% Coomassie brilliant blue G. The FirA band was excised and soaked in 0.15 M ammonium acetate for 4 h, followed by an overnight soak in distilled water at room temperature (21°C). The water and ammonium acetate fractions were pooled and precipitated on ice for 2 h with 20% trichloroacetic acid, followed by centrifugation in a microfuge for 5 min. The pellet was washed with acetone and then suspended in distilled water. Again the protein was precipitated with 20% trichloroacetic acid, followed by five washes with acetone. Amino-terminal sequence analysis of FirA was accomplished manually as described by Tarr (37) at the University of Michigan Protein Sequencing Facility.
Strain construction. P1 transduction and Hfr-mediated gene transfer were performed as described previously (24, 35) .
RESULTS
Nucleotide sequence upstream of lpxB. It has recently been reported that the lpxA gene of E. coli is located immediately upstream of lpxB (7). The region of the E. coli chromosome containing the lpxA gene was sequenced (Fig. 1) . The previously described lpxA+ lpxB+ plasmid pDC4 (7) (34) are underlined.
Transcription of these genes proceeds in the clockwise direction with respect to the E. coli chromosome.
stream of lpxB (Fig. 2) Figure 3 is a plot of the codon preference for alt three forward reading frames. Regions where the codon preference is consistently above 0.5 indicates high use of codons found in highly expressed E. coli proteins (12) . Figure 3 shows good codon usage in the third reading frame up until nucleotide 48, where the first reading frame appears to encode a 17.4-kDa protein. At the termination codon of the 17.4-kDa open reading frame, the second reading frame shows good codon usage for the expression of lpxA. Although the first reading frame contains no stop codons from the first nucleotide, codon usage indicates the initiation codon to be near nucleotide 48.
Identification of the initiation codon of IpxA. To confirm the location of the lpxA initiation codon, a hybrid IpxA-IacZ gene was constructed (Fig. 4) . This lpxA-lacZ gene produced a protein consisting of an amino-terminal domain of 71 amino acid residues starting from the presumed initiation codon of lpxA attached to the enzymatically active carboxy terminus of ,-galactosidase. The (12) in each of the three forward reading frames on the vertical axis versus the nucleotide number on the horizontal axis (numbering is as in Fig. 2 ). Codon preference values reflect a computer-generated comparison of the codons found in each of the three forward reading frames, averaged over 25 consecutive codons, to codons found in E. coli genes that are highly expressed. Increasing positive values represent an increasing correlation between codons in a reading frame and these E. coli preferred codons. Codons not commonly found in highly expressed E. coli genes are termed rare. Rare codons are indicated underneath each plot by a small vertical line segment. Open reading frames described in the text are indicated.
X-Ala-Phe-Val. This sequence is in agreement with the amino-terminal sequence predicted by the nucleotide sequence of lpxA shown in Fig. 2 . It should be noted that the GUG start codon encodes a methionine residue as expected (16) and that the residue is not removed from the completed hybrid protein.
Demonstration that the 28 -kDa open reading frame is lpxA. Crowell et al. (7) demonstrated that UDP-GlcNAc acyltransferase is encoded on the fragment of DNA between SmaI and EcoRV (Fig. 1 ). To further demonstrate that the 28-kDa open reading frame is indeed lpxA, an lpxA(Ts) mutant strain was created. The lpxA(Ts) allele was isolated by localized mutagenesis (35) . Strain JW353 was mutagenized with nitrosoguanidine, followed by P1 transduction into AT982, correcting the nearby dapD phenotype. Transductants were tested for the temperature-sensitive phenotype, and all temperature-sensitive strains were assayed for UDP-GlcNAc acyltransferase activity. One such temperature-sensitive strain, RX8a, showed less than 10% of the wild-type UDPGlcNAc acyltransferase activity. The lpxA(Ts) allele was 60% cotransducible with dapD from this strain into MF6 as expected. One such transductant, RX800, was made recA by a 10-min Hfr cross with JC10240, selecting for the nearby srlA: :TnJO insertion with tetracycline. A recA (UV-sensitive) recombinant, RX801, was used for complementation analysis. Strain RX801 exhibited less than 10% UDPGlcNAc acyltransferase activity when compared with the nearly isogenic strain RX805. UDP-GlcNAc acyltransferase activity was as follows (nanomoles per minute, per milligram of protein): for RX805, 1.0; for RX801(pINGI) with or without arabinose, <0.1; for RX801(pLPXA) without arabinose, <0.1; for RX801(pLPXA) with arabinose, 7.0.
Previously described plasmids pDC4 (7) and pLC26-43 (6) were used to transform RX801. Both of these plasmids complement the RX801 lpxA mutation by restoring the UDP-GIcNAc acyltransferase activity and concomitantly relieving the temperature-sensitive phenotype (Fig. 5) (15) (Fig. 6) . The resulting plasmid, pLPXA, was able to complement the temperature-sensitive phenotype of RX801 only in the presence of the inducer arabinose. The UDP-GlcNAc acyltransferase activity of RX801 containing pLPXA was sevenfold higher than wild-type level only when the cells were grown in the presence of arabinose (see above), demonstrating that the lpxA product is encoded by the temperature sensitive and susceptible to rifampin. However, when a wild-type firA allele is added to the strain extragenically it becomes temperature resistant and rifampin resistant. An M13 phage recombinant was constructed to test for complementation of firA. M131 contains a HindIII-BamHI DNA fragment from the X firA24 hybrid phage inserted into the M13 vector mpl8 (Fig. 5) . To determine whether the M13 hybrid phage M131 complements the firA mutation, naked double-stranded DNA was used to transfect JCR21. Transformants able to complement firA were selected at high temperature and subsequently screened for rifampin resistance. M131 DNA produced temperature resistant colonies significantly above the background frequency for the reversion of the firA allele (approximately 10,000 fold more colonies were formed when M131 was used to transform JCR21 than when the vector mpl8 was used) (Fig. 5) ; this demonstrates that firA is encoded upstream of lpxB.
To determine whether the 17.4-kDa open reading frame is firA, we purified FirA as described in Materials and Methods, and the amino terminus was sequenced. The aminoterminal sequence was Ala-Asp-Lys-Ile-Ala-Ile-Val-AsnMet-Gly-Ser-Leu-Phe-Gln-Gln. This sequence is not found in the 17.4-kDa open reading frame, demonstrating that firA must be coded upstream of this open reading frame. Restriction mapping of the independently isolatedfirA complementing clones pDB2 (3) and X fir24 (19) indicates two closely spaced PstI restriction sites upstream of ORF17 (Fig. 5) . These two closely spaced PstI sites are not shown on the Bendiak and Friesen (3) map of this portion of the chromosome. Preliminary sequence data of the small PstI fragment indicate that the amino terminus of the firA protein is encoded within this fragment of DNA. progress to determine whether all the overlapping genes are indeed translationally coupled. The hypothesis that ORF17 and lpxA are translationally coupled is supported by the fact that expression of UDP-GlcNAc acyltransferase is induced 140-fold over wild-type levels in pSR1 (7), in which translation occurs in the ORF17 reading frame. However, under the same conditions and with the same promoter, pLPXA increases UDP-GlcNAc acyltransferase production only sevenfold over wild-type levels. In the pLPXA case there should be no translation in the ORF17 reading frame.
Both ORF17 and lpxA start with codons other than AUG. ORF17 apparently starts with UUG, and lpxA starts with the more common GUG. Both ORF17 and lpxA have appropriately spaced Shine-Dalgarno sequences of four and five contiguous nucleotides, respectively, complementary with the 3' end of the 16S rRNA.
Anderson and Raetz (2) have shown that UDP-GlcNAc acyltransferase of E. coli is predominantly cytoplasmic. The lpxA product is a 28.0-kDa protein with no long hydrophobic stretches.
Lathe et al. (18) have indicated the firA product to be a 17-kDa, highly charged, basic soluble protein. Sequence analysis shows the ORF17 product to be a 17.4-kDa protein consisting of 153 amino acid residues. It contains 41 charged residues, 22 of which are basic amino acids. The charged residues are fairly evenly distributed throughout the protein, with a higher proportion of basic amino acid residues at the carboxy terminus and a higher proportion of acidic residues at the amino terminus. Although ORF17 is similar to FirA in that it is highly charged with a net basic charge, aminoterminal sequence analysis shows FirA to be distinct from ORF17. Preliminary sequence data show firA to be coded approximately 1 kb upstream of ORF17 (Fig. 5) . The function of ORF17 is as yet unknown.
The DNA sequence shown in Fig. 2 contains no sequences matching the consensus sequence for boxA (nusA binding) (27) , cyclic AMP-CAP (31), lexA (21) , dnaA (9), or REP (36) .
Similar overlapping genes have been previously reported in many operons (26) . In most of these cases the genes are all cotranscribed from one promoter. However, in other cases such as the thrS-infC operon (29) it is known that there are promoters within the first gene transcribing only the downstream gene. It is unknown whether expression of the downstream gene infC is affected by the expression of the upstream gene thrS. Tomasiewicz and McHenry (38) have found a functional promoterjust upstream of dnaE, in ORF23 (Fig. 5) . It has yet to be determined whether this promoter is active in vivo or functions in concert with other promoters. It has been shown previously that E. coli will coordinately express growth-rate-dependent functions by-clustering certain genes into operons (5). ORF17, lpxA, lpxB, and dnaE may be part of such an operon, with possible internal promoters to conditionally decouple expression of certain genes.
Work is currently being done in our laboratory to determine whether the overlapping genes ORF?-ORF17-lpxAlpxB-0RF23-dnaE-0RF37 are coupled transcriptionally or translationally. We are also searching for the 5' end of this string of overlapping genes. In addition we are trying to determine the function of the unidentified open reading frames.
